Glial cell line-derived neurotrophic factor (GDNF) plays an important role in the development and maintenance of a subset of dorsal root ganglion sensory neurons. We administered high-dose exogenous recombinant human GDNF (rhGDNF) daily to adult rats to examine its effect on unmyelinated axon-Schwann cell units in intact peripheral nerves. In rhGDNF-treated animals, there was a dramatic proliferation in the Schwann cells of unmyelinated fibers, which resulted in the segregation of many unmyelinated axons into a 1:1 relationship with Schwann cells and myelination of normally unmyelinated small axons. This study demonstrates that the administration of high doses of a growth factor to adult rats can change the phenotype of nerve fibers from unmyelinated to myelinated.
Introduction
During development, myelination in the peripheral nervous system occurs according to a preprogrammed sequence of events. The presumption has been that once developmental myelination is completed, a myelinated axon remains myelinated and an unmyelinated axon remains unmyelinated. There have been some documented exceptions; late in life, unmyelinated axons in the rat sympathetic nerve may myelinate over short stretches (Heath, 1982) . The factors that determine the myelinated phenotype are not completely understood. Many investigators presume that specific axolemmal molecular signals are involved (Wood et al., 1990) , but some data suggest that axonal caliber may be sufficient (Voyvodic, 1989) ; in general, unmyelinated fibers are smaller and myelinated fibers are larger. This study demonstrates that the administration of high doses of a growth factor to rats can change the phenotype of axons from unmyelinated to myelinated.
Glial cell line-derived neurotrophic factor (GDNF), a member of the transforming growth factor-␤ superfamily, was initially isolated on the basis of its potent trophic effects on midbrain dopaminergic neurons in vitro (Lin et al., 1993 , and subsequently was shown to be a potent trophic factor for a subset of sensory neurons as well as for sympathetic and parasympathetic neurons (Buj-Bello et al., 1995; Ebendal et al., 1995; Oppenheim et al., 1995; Trupp et al., 1995; Maxwell et al., 1996; Matheson et al., 1997; Molliver et al., 1997; Bennett et al., 1998) . Early in development, all small dorsal root ganglion (DRG) neurons require nerve growth factor (NGF) for survival and express its receptors, trkA and p75. By postnatal day 15 in the rat, a subset of small DRG neurons loses the expression of p75 and trkA and the ability to transport NGF retrogradely (Molliver et al., 1997) . Instead, these neurons express GDNF receptors (Molliver et al., 1997) , including c-ret, a tyrosine kinase receptor (Durbec et al., 1996; Trupp et al., 1996; Vega et al., 1996) , and GFR-␣1 (also known as GDNFR-␣), a novel glycophosphatidylinositolanchored receptor (Jing et al., 1996; Treanor et al., 1996) . These cells are labeled by retrogradely transported GDNF (Molliver et al., 1997) . Moreover, the deficits in the neurons that are found in GDNF-null mice and in c-ret-null mice suggest that GDNF plays an important role in the development of subpopulations of sensory and autonomic neurons (Schuchardt et al., 1994) .
The role of GDNF in peripheral-nerve biology and pathology is clearly complex. GDNF mRNA is abundant in the epidermis (Trupp et al., 1995; Botchkareva et al., 2000) , and a subset of epidermal nociceptive fibers is dependent on GDNF (Molliver et al., 1997) . In peripheral nerves, Schwann cells express mRNA for GDNF and are also presumed to be a source of GDNF for peripheral neurons (Springer et al., 1994; Choi-Lundberg and Bohn, 1995; Ohi et al., 1997) . In response to nerve transection, GDNF mRNA expression in Schwann cells in sciatic nerves and in DRGs rises dramatically, a finding that implicates GDNF in peripheralnerve regeneration (Trupp et al., 1995; Hammarberg et al., 1996; Hoke et al., 2000 Hoke et al., , 2002 . GDNF mRNA expression is also increased in an experimental model of motor neuropathy in rats (Saita et al., 1997) , in various human neuropathies (Yamamoto et al., 1997) , and in traumatized human nerves (Bär et al., 1998) .
To learn more about the effects of GDNF on peripheral axons and Schwann cells in vivo, we administered high doses of exogenous rhGDNF daily to adult rats and examined the changes in the nerve fibers, including myelinated fibers and the unmyelinated axon-Schwann cell unit (Remak bundles). There was a marked proliferation of Schwann cells of the Remak bundles, which was associated with increased segregation of the axons of unmyelinated fibers into smaller axon-Schwann cell units and an increase in the average diameter of unmyelinated axons. This segregation culminated with myelination of normally unmyelinated small axons. In parallel with the in vivo findings, we also found that GDNF supported in vitro myelination of axons by Schwann cells in DRG-Schwann cell cocultures.
Materials and Methods
Whole-animal studies. Eight-week-old adult male Sprague Dawley rats (Harlan Sprague Dawley, Indianapolis, IN) were injected intraperitoneally with either rhGDNF (10 or 100 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 ) or a control vehicle (saline) daily for either 1 or 4 weeks. Amgen Inc. (Thousand Oaks, CA) provided rhGDNF.
At the end of 1 and 4 weeks, rats were injected with bromodeoxyuridine (BrdU) (10 mg per 100 gm of body weight) (Sigma, St. Louis, MO) to label cells in the S phase. After 2 hr, the animals were perfused with 4% paraformaldehyde. A portion of the harvested sciatic nerves was also fixed in paraformaldehyde at 4°C for 24 hr. A second segment was removed immediately after perfusion and placed in 5% glutaraldehyde for 3 hr for electron microscopy. This segment was postfixed in osmium tetroxide, embedded in plastic, sectioned at 1 m, and stained with toluidine blue. In addition, thin sections were prepared for electron microscopy according to standard protocols (Brostoff et al., 1977) .
The paraformaldehyde-fixed segments were embedded in paraffin, sectioned at 7 m, and stained with hematoxylin and eosin. Other sections were immunostained with anti-BrdU (Dako, Carpinteria, CA). BrdU-labeled cells were counted in five cross sections from each sciatic nerve; the total number of labeled cells per cross section of the sciatic nerve was averaged for all of the animals in each group.
In the 1 m plastic sections stained with toluidine blue, we measured the cross-sectional area of the entire nerve and the total area occupied by myelinated fibers using a stereological method with Bioquant software (R&M Biometrics, Nashville, TN). At the electron microscopic level, the numbers of unmyelinated axons per Schwann cell were quantified by counting the numbers of axons within one basal lamina (i.e., within one Remak bundle) in a defined area at 5000ϫ magnification (3.2 ϫ 10 Ϫ4 mm 2 ). We used a nonbiased systematic sampling method. This was done by randomly choosing a grid space, and, starting from one corner, going around the outside of the grid, advancing with each move by one nonoverlapping field. In every fifth field, a photograph was taken and used to count the axons and measure the diameters of axons in the unmyelinated axon-Schwann cell units; a total of 150 -600 U were counted for each animal.
Myelinating Schwann cell-DRG cocultures. Purified neuronal and Schwann cell cultures were prepared as described by Eldridge et al. (1989) . The purified DRG neuronal cultures were established from Sprague Dawley rats at embryonic day 14. The DRG neurons were dissociated with 0.25% trypsin and plated into eight well chamber slides (Nunc, Chicago, IL) that were coated with rat-tail collagen (Collaborative Research, Bedford, MA). Non-neuronal cells were eliminated by cycling with a fluorodeoxyuridine-containing medium. Neurons were then maintained for 1 week in Neurobasal medium containing 1% fetal bovine serum (HyClone, Logan, UT) and 1 ng/ml GDNF. Schwann cells were purified by a modified Brockes method (Brockes et al., 1979) . Briefly, 1-d-old rat pups were anesthetized and then killed by decapitation. Sciatic nerves were dissected, placed in L-15 medium, and treated with 0.1% collagenase followed by 0.25% trypsin to make singlecell suspensions. The cells were then plated in DMEM with 10% fetal calf serum. Cytarabine (10 mM) was added to the culture medium, followed by complement lysis with anti-thymidine 1.1 antibody to eliminate fibroblasts. The resulting culture contained Ͼ95% Schwann cells. The Schwann cells were expanded by a medium containing pituitary extract and forskolin.
The neuronal cultures were seeded with purified Schwann cells (10,000 cells per well) and maintained in serum-free defined medium for 1 week. During that time, the Schwann cells became associated with the axons. Myelination was induced by the addition of ascorbate (50 g/ml) in 15% serum/DMEM with 1 ng/ml GDNF. To eliminate the possible contribution of endogenous NGF secreted by Schwann cells, in parallel experiments, neutralizing anti-NGF antibody (50 ng/ml; Boehringer Mannheim, Indianapolis, IN) was added to the coculture. Myelination was assessed by adding a fluorescent ceramide analog, N-(4,4-difluoro-5,7-dimethyl-4-boro-3a,4a-diaza-5-indacene-3-pentanoyl)sphingosine (BODIPY FL C5)-ceramide (Bilderback et al., 1997 ) (Molecular Probes, Eugene, OR). These experiments were done at least in triplicate with DRG neurons from three different sets of embryos.
Results

Schwann cell proliferation
Administration of rhGDNF resulted in an increase in the Schwann cell nuclei in the intact rat sciatic nerves (Fig. 1) . By day 7, we observed numerous mitotic figures ( Fig. 1 B, inset) in Schwann cells using electron microscopy. By day 30, in the two GDNF-treated animals, the Schwann cell nuclear densities were 2160 and 1700 nuclei/mm 2 . In comparison, the Schwann cell nuclear densities from the two control animals were 582 and 825 nuclei/mm 2 . This nearly threefold increase in total Schwann cell nuclei reflected proliferation, as confirmed by BrdU labeling at the end of 30 d of rhGDNF administration. In the intact sciatic nerves of rats receiving vehicle, only rare dividing cells (0.5 BrdUlabeled cells per transverse section of sciatic nerve) were found. In contrast, in all of the GDNF-treated animals there were 20-fold increases in BrdU-labeled cells in each nerve (9.6 per transverse section of sciatic nerve). This increase in Schwann cell proliferation and myelination (see below) resulted in larger sciatic nerves in rhGDNF-treated animals. The cross-sectional areas of the sciatic nerve in GDNF-treated animals were 10.7% larger than in the control vehicle-treated animals (mean diameter, 0.815 vs 0.736 mm 2 , respectively). An increase in proliferating Schwann cells and in total Schwann cells might reflect one of the following three mechanisms: first, generation of new, noninnervated Schwann cells, either free within the endoneurial space or arranged around nerve fibers in "onion bulbs" of the type seen in some demyelinating disorders of peripheral nerve; second, Schwann cell division associated with axonal sprouting; or third, an increase in the numbers of Schwann cells ensheathing the pre-existing axons. To assess these possibilities, we examined and quantitated the axonSchwann cell relationships in the Remak bundles using electron microscopy. 
Changes in the axon-Schwann cell relationships in the Remak bundles
Normal nerve
Rat mixed peripheral nerves normally have a characteristic pattern of large and small myelinated axons and unmyelinated axons (Fig. 1 A) . The myelinated axons have a 1:1 relationship with their Schwann cells, and within the basal lamina of a Schwann cell there is only one myelinated axon. In contrast, multiple unmyelinated axons are ensheathed within a single basal lamina of a Schwann cell (Remak bundles). By electron microscopy, no "free" Schwann cells (not ensheathing an axon) can be identified within the normal nerve. As shown by electron microscopy in Figure 2 A, a Remak Schwann cell in the rat ensheathes several unmyelinated axons, all surrounded by one continuous basal lamina.
To quantitate the axons in each Remak bundle, we counted the number of unmyelinated axons within each complete Remak Schwann cell basal lamina. We counted all of the unmyelinated fibers in each of the nonbiased sampled "frames" of nerve. In the control group, the unmyelinated axon-Schwann cell profile ratio was 5.7 (Fig. 3) in the intact nerve.
GDNF-treated nerves
The nerves from the GDNF-treated animals showed no evidence of degeneration of either myelinated or unmyelinated nerve fibers. In addition, the epidermis of the plantar skin of the foot had a normal complement of nerve fibers (these epidermal fibers are almost exclusively sensory fibers that represent the terminals of C and possibly A␦ fibers) . Similarly, there was no evidence of demyelination, and there were no free Schwann cells or onion bulbs in these nerves.
The increase in Schwann cell numbers was associated with a striking reduction in the axon-Schwann cell ratio in the Remak bundles. The ratio went from 5.7 in the control group to 4.4 at 1 week and 1.9 at 4 weeks in animals treated with high-dose GDNF (100 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 ) (Fig. 3) . Similar results were obtained in the low-dose GDNF group (10 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 ). Given the fact that we had similar results with each group, we combined the data from low-and high-dose animals and expressed each animal's average number of axons per Remak bundle as n ϭ 1. The reduction in the number of axons per Remak bundle at 4 weeks was still statistically significant (low-dose animals were 3.1 and 2.7, highdose animals were 2.2 and 1.6, controls were 6.2, 5.5, 5.6, and 5.5). Combining the groups yielded an average of 2.4 for the GDNF-treated group ( p Ͻ 0.001 comparing the combined GDNF-vs vehicle-treated control groups).
The reduction in the axon-Schwann cell ratio can be better appreciated in the Remak bundle histograms of normal and high-dose rhGDNF-treated rats at 1 and 4 weeks (Fig. 4) . In rhGDNF-treated rats, a higher percentage of axons reached a 1:1 relationship. In animals treated with a lower dose of GDNF (10 mg/kg), similar but less prominent results were obtained (data not shown).
Regeneration or sprouting of unmyelinated fibers typically passes through a phase in which Remak bundles contain very small unmyelinated axons or axons in polyaxonal pockets (Ramon y Cajal, 1928; Friede and Bischhausen, 1980) . Such profiles were not seen in these nerves. The total number of unmyelinated axons per whole nerve was comparable in the control and rhGDNF-treated sciatic nerves (Table 1) . Furthermore, the axon size histograms of unmyelinated axons showed an increase in the percentage of axons attaining a larger diameter, arguing against the possibility of sprouts (Fig. 5) .
The most novel finding was the presence of numerous very small thinly myelinated axons in the GDNF-treated animals. These fibers, seen in the intact sciatic nerves of GDNF-treated animals, were often smaller than the smallest normal myelinated axons (Fig. 2C) , and frequently contained only two to five noncompacted lamellas, reflecting ongoing myelination. Many of these fibers had attained a 1:1 relationship with their Schwann cells. These myelination profiles were usually arranged near unmyelinated fibers and sometimes shared portions of the basal lamina (Fig. 2 D) . Myelination of previously unmyelinated fibers was also reflected in the fact that the number of total myelinated axons per sciatic nerve was increased in rhGDNF-treated animals (Table 1) .
Myelinating DRG-Schwann cell cocultures
Our in vivo experiments suggested that GDNF might induce myelination in sensory neurons. We established in vitro experiments to determine whether GDNF was permissive for myelination of DRG neurons in coculture experiments. DRG-Schwann cell cocultures were established in media containing exogenous rh-GDNF but without any other exogenous neurotrophic factor, including NGF. Myelination was induced by the addition of ascorbic acid. After 1 week, clear myelination, with the formation of nodes of Ranvier, was evident (Fig. 6 A) . The myelinated nerve fibers expressed myelin-associated glycoprotein (MAG) in the paranodal and Schmidt-Lanterman incisures (Fig. 6 B) . When a fluorescent ceramide analog, BODIPY FL C5-ceramide, was included in the culture media, numerous myelinated fibers incorporated the fluorescent ceramide into the myelin (Fig. 6C) . In control coculture experiments in which ascorbic acid was added but exogenous rhGDNF was omitted, there was no myelination, despite the presence of serum in the media.
As a separate control, to eliminate the possible contribution of endogenous NGF secreted by Schwann cells (in response to GDNF) or presence of NGF in the serum, neutralizing anti-NGF antibody was added to the rhGDNF-supplanted coculture. With the addition of ascorbic acid, myelination proceeded at the normal rate compared with the rhGDNF-supplanted coculture without the anti-NGF antibody (Fig. 6 D) . However, in the NGFsupported coculture (without exogenous rhGDNF), the addition of neutralizing anti-NGF antibody resulted in the death of DRG neurons within days, before any myelination could take place (data not shown).
Discussion
Tissue-culture studies have shown that four agents, NGF (Wood et al., 1990; Bahr et al., 1991) , progesterone (Koenig et al., 1995) , insulin-like growth factor-1 (Russell et al., 1998) , and brainderived nerve growth factor (Chan et al., 2001) can sustain or increase the myelination of small axons in vitro. Our in vitro data have shown that GDNF is another agent capable of sustaining the myelination of nerve fibers. The most striking findings were made when high doses of exogenous rhGDNF were given to rats in vivo. There were profound changes in Remak bundles: an increase in Schwann cell numbers, a marked reduction in the number of axons per axon-Schwann cell unit, increased segregation of the axon-Schwann cell units into a 1:1 ratio, an increase in the percentage of axons attaining a larger diameter, and myelination of normally unmyelinated fibers. Schwann cell proliferation, the segregation to a 1:1 relationship between axons and Schwann cells, and the presence of early stages of myelination of very small fibers are all features of the normal sequence during developmental myelination. GDNF is the first exogenous agent known to produce such increased segregation and myelination in vivo.
Myelination of small axons
We conclude that GDNF in vivo promoted myelination of a population of axons that would otherwise remain unmyelinated. As confirmed in the control animals in the present study, by 8 weeks of age only rare fibers were undergoing active myelination. In GDNF-treated animals, there was abundant myelination of very small fibers, and some fibers were clearly undergoing early stages of myelination, with only a few wraps of noncompacted myelin. That these fibers were originally axons of unmyelinated fibers was suggested by their presence within a single continuous basal lamina that also encircled unmyelinated fibers; no such profiles occur normally. Notably, these myelinating profiles occur in intact nerves with neither nerve-fiber degeneration nor, more importantly, axonal sprouting. Regenerative sprouting proceeds to myelination through a sequence similar to that of developmental myelination. There was no morphologic evidence of sprouting of unmyelinated axons. Regenerating sprouts are expected to have unusually small calibers (Brown et al., 1976) , and at the early stages may be clustered in polyaxonal pockets. We saw neither of these features in the rhGDNF-treated animals. The unmyelinated axons in rhGDNF-treated animals were larger, not smaller, than their counterparts in vehicle-treated animals. These results are comparable with those in previous studies on the fiber composition of the rat sciatic nerve (Schmalbruch, 1986) .
The conclusion that GDNF may promote the myelination of axons that are normally unmyelinated is also supported by our in vitro studies. GDNF substituted for NGF in the ability to maintain a population of small sensory neurons. Similar to NGF, when Schwann cells were cocultured and then "triggered" by the addition of ascorbate, they promptly began myelination. A virtually identical sequence has been found with NGF (Moya et al., 1980) . The present study demonstrates the ability of GDNF to support small sensory neurons in culture and promote myelination. We ruled out the possibility that endogenous NGF was secreted by cells in our system by showing that myelination proceeded normally even with the addition of neutralizing anti-NGF antibody.
The only in vivo findings comparable with the present ones are those of Voyvodic (1989) , who studied the effect of partial denervation of the mouse salivary gland. In that model, many of the remaining previously unmyelinated nerve fibers underwent myelination. These data were interpreted to suggest that each of the neurons of the sympathetic ganglia that still innervated the salivary gland had sprouted and innervated more gland cells, and as a result received an above normal amount of retrogradely transported NGF from the target cells. Our data suggest that upregulation of GDNF in an injured nerve or partially denervated target could potentially be an alternative explanation to Voyvodic's observations. It is possible that exogenous rhGDNF acted on the unmyelinated axons in a manner similar to that proposed for NGF by Voyvodic's (1989) . In a more recent study, when GDNF was overexpressed in the skin of transgenic mice, the numbers of both myelinated and unmyelinated axons were increased in the saphenous nerve (Zwick et al., 2002) . The data obtained by Zwick et al. (2002) suggest that target-derived excess GDNF may have rescued a population of unmyelinated sensory neurons that would normally undergo programmed cell death and induced myelination in a subpopulation of these axons.
Segregation to a 1:1 relationship
In normal development, the process of Schwann cell proliferation in fibers that are to be myelinated continues until there is a 1:1 relationship between an axon and a Schwann cell in the segment to be myelinated. This segregation is an obligatory antecedent to myelination (Morris et al., 1972; Webster, 1993) ; there are a few descriptions of myelination of more than one axon by the same Schwann cell, but these examples are rare (Waxman, 1968; Jaros and Bradley, 1979; Beuche and Friede, 1984) . The process of segregation occurred in the GDNF-treated nerves in very much the same way as seen during development. Division of the Schwann cells associated with unmyelinated axons, reflected in Vehicle-treated 10, 804 (18, 465) 9, 089 (13, 075) 11, 191 (18, 259) 9, 888 (18, 718 (18, 276) 10, 473 (16, 738) 15, 717 (17, 511) 13, 246 (15, 738) The numbers of myelinated and unmyelinated (in parentheses) axons per nerve in vehicle control or rhGDNF-injected animals at 4 weeks are shown. There was an increase in the number of myelinated axons in rhGDNF-treated rats (p ϭ 0.038). The differences in the number of unmyelinated axons were not statistically significant (p ϭ 0.978). Myelinated axons were counted at 1000ϫ magnification using unbiased stereological methods and Bioquant software. Unmyelinated axons were counted at 5000ϫ magnification using unbiased sampling methods. mitotic figures and BrdU labeling, resulted in two daughter Schwann cells sharing a portion of the now loose and serpentine original basal lamina that continued to surround the daughter fibers. The threefold reduction in the mean axon-Schwann cell ratio after treatment with GDNF reflects the sizable number of fibers achieving a 1:1 relationship. It is noteworthy that this reduced ratio provides additional evidence against the presence of regenerative axonal sprouting in these nerves, because sprouting increases the axon-Schwann cell ratio. Although GDNF may be acting directly on the Schwann cell, we favor the possibility that GDNF may be indirectly stimulating this Schwann cell response through changes in the unmyelinated axons, perhaps simply by increasing the calibers (Voyvodic, 1989) of GDNF-dependent c-ret-expressing unmyelinated axons, or possibly by inducing the release of glial growth factor (Brockes et al., 1980) . This effect may underlie the proliferative response of Schwann cells during myelination. Nevertheless, the possibility that GDNF might be acting directly on the Schwann cells remains. Schwann cells express GFR-␣1, one of the coreceptors for GDNF (Nosrat et al., 1997; Trupp et al., 1997; Bär et al., 1998) . GFR-␣1 does not posses an intracellular domain; and traditionally GDNF action is thought to require the formation of the GFR-␣1 and the Ret tyrosine kinase coreceptor complex (Airaksinen et al., 1999) . However, signaling through GFR-␣1 by GDNF can occur even in the absence of Ret coreceptor (Poteryaev et al., 1999; Trupp et al., 1999; Pezeshki et al., 2001) .
Schwann cell proliferation
Is the effect of GDNF on axons or Schwann cells?
Because a population of small DRG neurons giving rise to unmyelinated axons bears the c-ret GDNF receptor, an attractive reconstruction is that GDNF produced axonal enlargement, which in turn drove the Schwann cell proliferation to the 1:1 relationship and myelination. Arguably, an increase in the unmyelinated axon caliber alone might be responsible for this effect. The unmyelinated axons in the rhGDNF-treated animals were larger than in the controls. Myelinated axons are in general larger than unmyelinated axons (Duncan, 1934; Webster, 1971) , and some authors have postulated that axonal caliber is the signal for myelination (Friede, 1972; Voyvodic, 1989) . However, the role of caliber is complex. In tissue culture, Windebank et al. (1985) found that as axons increase in size as they segregate into a 1:1 relationship, and there is an additional increase in caliber as they myelinate. Nonmyelinated segments of axons are smaller, have fewer neurofilaments, and have lower levels of phosphorylation of neurofilament-heavy chain (NF-H) than myelinated segments of the same axons (Hsieh et al., 1994) . Demyelination results in loss of caliber and NF-H phosphorylation (de Waegh et al., 1992) . Finally, signaling may occur through the GFR␣-1 in the absence of c-ret receptor (Poteryaev et al., 1999; Trupp et al., 1999; Pezeshki et al., 2001) . For these reasons, it is premature to ascribe the GDNF effect to either axons or Schwann cells.
In summary, we have demonstrated that GDNF administered exogenously has profound effects on unmyelinated fibers. It induces the proliferation of Schwann cells and causes segregation of unmyelinated axons into a 1:1 relationship with their Schwann cells, whereby these unmyelinated fibers are induced to myelinate. The physiological correlates of these changes are unknown. These findings suggest that GDNF may be a useful tool to study the molecular events in the myelination of peripheral nerves.
